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ABSTRACT 
This paper presents biological nano-scaffolds 

(BNS)-assisted formation of non-wetting polymeric 

surfaces with excellent antibiofouling performance. 

Particularly, Tobacco mosaic virus (TMV)-templated 

metallic nanoscaffolds, self-assembled on Au substrates 

followed by a simple spin-and-dry coating of a fluorinated 

polymer solution, provide complex micro/nanoscale 

structured surfaces with non-wetting properties. The 

BNS-based superhydrophobic surfaces demonstrated 

significantly enhanced water-repellent properties 

compared to a planar/non-structured counterpart, 1) 

showing no sign of solid-liquid attraction (contact angle: 

~180º) with DI water, and 2) achieving complete and 

repeated droplet bouncing without surface pinning events. 

More significantly, in a static 48-hour biofilm growth 

experiment, the BNS-based superhydrophobic surfaces 

resulted in a 6-fold reduction in adherent biofilm compared 

to their planar counterparts, most likely attributed to the 

extreme non-adherent property combined with complex 

surface morphology. Combined results provide a simple 

and powerful method for achieving the robust 

non-wetting/anti-biofouling surfaces needed in a broad 

range of applications.  
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INTRODUCTION 

Prevention of bacterial biofilm formation on surfaces 

has been a pertinent challenge in a wide range of human 

health-associated domains [1]. In particular, biofilms, are 

the primary cause of nosocomial infections - responsible 

for 62% of all hospital-acquired infections in the US - 

many hospitalized patients are exposed to surgical 

procedures or clinical practices that increase the likelihood 

of vulnerable body sectors (e.g. implant sites, blood vessels, 

urinary tract) being accessed by pathogenic bacteria [2], 

[3]. Another impending concern are biofilms in 

public/industrial water systems, particularly on water 

pipelines and filter/purification membranes, which poses a 

significant threat to all human water resources [4].   

There have been numerous strategies developed over 

the past decades involving physicochemical mechanisms 

to address these biofilm-associated challenges. Some of the 

major approaches include the development of 

bacterial-communication molecule analogs (e.g. AI-2) [5], 

surface functionalization of antimicrobial peptides [6], 

fabrication of bioinspired hydrophobic/3-D structured 

surfaces [7], [8], and incorporation of the bioelectric effect 

that combines an electric-field with small dosage of 

antibiotics [9]. These approaches have primarily focused 

on demonstrating retardation, removal, or prevention of 

biofilm growth - in conjunction with zero or reduced 

dosages of antibiotics - on a wide range of vulnerable 

surfaces. 

As biofilm formation on surfaces is driven by bacterial 

adherence followed by inter-molecular communication, a 

promising strategy for mitigating surface fouling events 

has been the development of non-adherent, 

superhydrophobic surface coatings displaying 

micro/nanoscale surface structures that could potentially 

help disrupt bacterial adherence or communication [10]. In 

our recent work, we have developed a 3-D 

electro-bioprinting (3-D EBP) technique that allows 

assembly of hierarchical surface topology with high 

scalability by combining the bottom-up assembly of 

biological nanoscaffolds (BNS), cysteine-modified 

Tobacco mosaic virus (TMV1cys), with top-down 

fabricated microstructures [11]. In an effort to leverage this 

manufacturing capability for studying the potential 

relationships between hydrophobic 3-D micro-/nano-scale 

surface topologies and biofilm growth, this work has 

focused on developing hydrophobic coating strategies over 

TMV-templated nanostructures and characterizing their 

performance in mitigating biofilm growth.  
 

MATERIALS AND METHODS 
BNS-assisted Superhydrophobic Surfaces  

 
Figure 1: Schematics of (a) process flow for creating 

BNS-based superhydrophobic surfaces and (b-c) major 

mechanisms involved in the formation of the complex 

hydrophobic structure. 



TMV, the BNS in this work, is a plant virus displaying 

a nanoscale high-aspect-ratio structure (diameter: 18nm, 

length: 300nm) that has been utilized as a versatile 

template for the development of a wide range of 

nanotechnology-driven applications [12]. Over the past 

decade, our group and collaborators have extensively 

utilized TMV1cys for the development of miniaturized 

energy storage devices (e.g. micro -batteries and 

-supercapacitors) [13], [14], which have leveraged the high 

affinity of thiol to metals, that ultimately provides both the 

surface immobilization and conformal metallization 

mechanisms essential for creating robust nanostructured 

surfaces.  

As illustrated in Figure 1a, the BNS surfaces are 

comprised of electroless-metallized TMV1cys which were 

first prepared on Ti (10nm)/Au (200nm) deposited glass 

substrates (5×5mm2) via self-assembly of TMV1cys 

followed by Ni electroless metallization [13]. Introduction 

of 5μL of hydrophobic polymer solution (FluoroPel 800M 

(FP800M), Cytonix) allowed complete immersion of the 

BNS. This was followed by a spin coating step (2000 rpm 

for 30 seconds) which facilitated spreading and instant 

drying of the FP800M solution. After curing at 160°C on a 

hotplate for 5 minutes, the superhydrophobic surfaces 

displayed complex micro- and nano-scale structures as 

depicted in Figure 1a. As shown in Figure 1b and 1c, 

respectively, two major film-forming mechanisms have 

been considered in this approach: 1) Conformal 3-D 

coating over the BNS creating core-shell structures (Figure 

1b), and 2) formation of 2-D micro and nanoscale sheets 

between the neighboring scaffolds leveraging surface 

tension (Figure 1c). 
 

Characterization of Surface Wettability  
The surface morphology of the BNS-templated 

FP800M (BNS-FP800M) surface has been characterized 

using SEM (Hitachi S-3400) in comparison with surfaces 

coated only with either TMV1cys or FP800M. Surface 

wettability of the BNS-FP800M has been evaluated by 

monitoring liquid pinning events of DI water on the 

surfaces, as well as by capturing droplet bouncing events 

using a high speed camera (Redlake MotionPro HS-3, 

images captured at 1kHz), both in comparison with 

planar-FP-800M.  
 

Characterization of Biofilm Growth 
As described in Figure 2a, biofilm growth experiments 

were performed in a static environment using Escherichia 

coli (E. coli) K12 W3110 bacteria that had been cultured 

overnight and diluted to an OD600 of 0.25. Three different 

surfaces - Planar Au, Planar-FP800M, BNS-FP800M - 

have been co-incubated in a parafilm-coated plastic 

petri-dish during a 48-hour biofilm growth period at 37° in 

Lysogeny broth (LB) media. Planar Au has been included 

as a hydrophilic control to investigate the effect of surface 

hydrophobicity without the BNS-based surface topology 

(Planar-FP800M). Planar-FP800M has been prepared 

using identical process steps described above, excluding 

the TMV1cys self-assembly. It should be noted that the 

volume of LB media was adjusted to ensure complete 

immersion of the BNS-FP800M surfaces is achieved 

throughout the biofilm growth period. Additionally, LB 

media was replenished after 24-hours to prevent depletion 

of nutrients. After the 48-hour growth period, all three 

samples were collected from the petri-dish and stained with 

syto9 for evaluation of the biofilm growth under a 

fluorescence microscope (Leica INM100).  
 

 
Figure 2: Schematics of the biofilm formation experiment. 

(a) Three different surfaces (planar Au, planar FP800M, 

and BNS-based FP800M) were co-incubated at 37ºC. (b) 

Bacteria culture (E. coli K12 W3110, OD: 0.25) was 

seeded for 2 hours, followed by a 48-hour growth phase 

with LB media replenished after 24 hours. Matured biofilm 

was syto9-stained for evaluation of biofilm on the surfaces. 

 

RESULTS AND DISCUSSIONS 
Surface Morphology and Wettability 

 
Figure 3. Comparisons of (a-c) surface morphologies 

between TMV1cys-only, FP800M-only, and BNS-FP800M 

surfaces, and (d) observations of DI water droplet being 

withdrawn from planar- and BNS- FP800M (scale bar: 0.5 

mm unless specified). 
 

The SEM images shown in Figure 3a-c, compare the 

surface morphology of three surface types - 



TMV1cys-only, FP800M-only, and BNS-FP800M - 

confirming the formation of a complex hydrophobic 

surface topology with BNS. As discussed earlier, the 

spin-dry coating of FP800M on the BNS induced the 

formation of a conformal coating over individual BNS as 

well as the 2-D micro/nanosheets in between the scaffolds 

(gray regions between BNS in Figure 3c), ultimately 

contributing to an overall increase in surface morphology 

heterogeneity (Figure 3c), leading to enhanced 

hydrophobicity. A comparison of optical images shown in 

Figure 3d, where 7 μL-droplets of DI water are being 

slowly separated from the two different surfaces (planar- 

and BNS- FP800M), confirms the successful formation of 

the BNS-based superhydrophobic surfaces as seen by the 

corresponding enhancement in water repellent property, 

showing no measurable solid-liquid attraction (e.g. 

pinning) compared to that observed from planar-FP800M 

surfaces. The enhanced water repelling property of the 

BNS-FP800M surfaces has been further characterized by 

monitoring droplet bouncing events as shown in Figure 4. 

The 7 μL DI water droplet was suspended and released 

from a ~30 mm height (determined as the maximum height 

where no droplet fragmentation would occur upon impact 

with the surface) onto the planar-FP800M surface (Figure 

4a) resulted in only a single bounce, with the droplet 

settling on the surface during the second impact, as 

compared to the three bounces achieved with 

BNS-FP800M surfaces (Figure 4b, each row shows frame 

sequences for each bouncing event starting at time zero) at 

a relatively high velocity of 2 m/s at the point of impact. 

Consequently, during the fourth surface impact the droplet 

fell off the sample region, and additional bouncing events 

could not be observed without improvement to the 

experimental stage to achieve a horizontally flat plane. 

Based on a report by Crick et al. [15], there is a strong 

correlation between the number of droplet bouncing events 

versus the surface hydrophobicity, this theory strongly 

supports the observed enhancement to the water repelling 

property of the BNS-FP800M demonstrating a near 

non-wetting characteristic. Due to the severe water 

repelling property of the BNS-FP800M, droplet contact 

angle could not be measured.  

 
Figure 4.  Arrays of frame sequences (taken with highspeed camera at 1kHz) comparing a droplet of DI water (7µL falling 

at ~ 2m/s for the first surface impact) bouncing on (a) planar and (b) BNS-based superhydrophobic surfaces. Frame 

sequences per consecutive bouncing events are taken at different time intervals (1st: 2ms, 2nd: 3ms, 3rd: 6ms) due to the 

decrease in kinetic energy of the droplet after each bouncing. 
 

Significant Reduction in Biofilm Growth 
Figure 5 shows the fluorescence microscopy analysis 

of the biofilm growth on different surfaces. After the 

48-hour growth period, the primary observation indicated 

that all three surfaces were covered with the slimy 

extracellular matrix representative of the biofilm. This 

indicates that the superhydrophobic characteristics of both 

the planar- and BNS- FP800M surfaces have been lost 

while being immersed in the growth media. However, 

when comparing the fluorescence intensities of the syto-9 

stained surfaces, as shown in Figure 5, the super-repellant 

BNS-FP800M surfaces demonstrated an excellent 

anti-biofouling performance at the conclusion of the 

48-hour growth period compared to the other controls, 

resulting in ~75% and ~83% reduction in biofilm 

formation compared to planar -hydrophilic (planar Au) and 

-hydrophobic (FP800M) surfaces, respectively. 

Considering that the surface energy of the planar-FP800M 

was also in the superhydrophobic regime (based on a 

contact angle > 150° from vendor specifications and the 

droplet bouncing event analysis), the results indicate that 

the complex surface topology at the micro/nanoscale have 

played a critical role in mitigating the biofilm formation. 

However, considering that the slimy substances were 



observed on all surfaces after the growth period, the 

authors believe that the BNS-FP800M surfaces would have 

eventually been colonized by biofilms if the growth 

experiments had been prolonged, to similar levels observed 

from the other two surfaces, requiring further 

investigations.  
 

 
Figure 5: Fluorescence microscopy analysis of bacterial 

biofilm formation on different surfaces after a 48-hour 

growth-period. Both the planar -hydrophilic (a, bare Au) 

and -hydrophobic (b, FP800M) surfaces displayed a 

significantly higher amount of biofilm compared to the (c) 

BNS-based superhydrophobic surfaces. (n=3 for error 

bars of each surface type in plot (d), scale bar: 100μm). 
 

CONCLUSIONS 
In this work, a simple strategy for creating 

heterogeneously structured antibiofouling surfaces has 

been demonstrated leveraging TMV-based BNS to help 

mitigate bacterial biofilm formation. The excellent water 

repelling/non-wetting property combined with the result of 

significantly mitigated biofilm growth under static 

environmental conditions strongly supports BNS-FP800M 

as a potential solution for creating robust antibiofouling 

surfaces. This is the initial stage towards development of 

BNS-assisted non-adherent surfaces which have focused 

on investigating the impact of sub-micron scale surface 

topology on biofilm growth. Future efforts will incorporate 

surface topologies across a broader range of scales with 

longer term growth experiments. 
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